The Ga 2 O 3 has an oxygen detection characteristic at higher than 900 , so this material attracts much attention as an oxygen sensor at high temperature. The β-Ga 2 O 3 films have been prepared by a RF magnetron sputtering method. The influence of annealing process on the crystal properties was investigated. The effect of the measuring temperature on the crystal properties was also investigated. It was found that the crystal properties of films depend on the annealing temperature. The oxygen sensing properties were stabilized at the measuring temperature of 1000 .
Introduction
The environmental problems have been focused all over the world. Especially, the global-warming, destruction of ozone layer and acid rain are important issues that strictly affect to our everyday lives. The air pollution with exhausted gases from automobiles and incineration plants has been a serious problem. The oxygen sensors have been ysed to control strictly the air-to-fuel-ratio in an engine combustion management system. The Ga 2 O 3 has been focused as a gas sensor because of its highly stable properties even in a severe chemical atmosphere, for example, in an acid solution. [1] [2] [3] This material shows an insulating property at room temperature. But, it behaves as a n-type semiconductor at temperature higher than 600 . 2, 4, 5 It is due to the oxygen vacancies. It can detects CO, H 2 , CH x gases at temperature between 600 and 900 . 6, 7 It acts only as an oxygen sensor at temperature higher than 900 . So it could have gas-selectivity as varying atmospheric temperature. The oxygen detecting properties have been focused through our recent study. [8] [9] [10] The purpose of this work is to develop high performance oxygen sensors. An optimum of preparation condition of Ga 2 O 3 films was investigated. The effects of sputtering and annealing (a rapid thermal annealing: RTA) conditions on the crystal properties were investigated.
Experiment
Ga 2 O 3 films were prepared on SiO 2 -covered Si substrates by a RF magnetron sputtering apparatus as shown in Fig. 1 . This apparatus has a 4-inch target. The Ga 2 O 3 powder of 5N was used as a target material. The distance between substrate and target is 45mm. The vacuum pressure during sputtering was kept at 4 Pa.
The deposition condition is shown in Table 1 . The Ar : O 2 flow ratio was fixed at 5:1. The total flow rate ( Ar + O 2 ) was kept at 2.4 sccm during sputtering process. The crystal structure of films was identified as
The thickness of films was varied from 0.6 to 1.0µm. A rapid thermal annealing (RTA) was applied to improve the crystal properties of a β-Ga 2 O 3 films . Table 2 shows a RTA apparatus.
At first, the effect of crystal properties on the annealing condition was investigated. The annealing conditions are shown in Table 2 and Table 3 as follows. The annealing was proceeded by using a RTA (rapid thermal annealing) apparatus shown in Fig. 2 . The oxygen sensing properties of Ga 2 O 3 films were measured in an apparatus shown in Fig. 3 . These films were pre-annealed under the condition as shown in Table  4 . This condition will be explained in the succeeding section. The RTA temperature and time were 1000 and 2h, respectively.
The O 2 and N 2 gases were used as a testing-gas and a reference-gas, respectively. Total gas flow rate was always kept at 1 l/min through this study. The O 2 gas flow rate of 0.2 l/min was introduced for 5 minutes. The oxygen sensitivity was measured under the O 2 and N 2 gas -flow rate of 0.2 and 0.8 l/min, respectively.
In order to obtain crystallographic characteristics, X-ray diffraction (XRD) measurements were performed with a RIGAKU Rotaflex 12 kW with CN2173D6 goniometer. The film thickness was measured by a SLOAN Dektak-3. Figure 4 shows the XRD data as a function of RTA temperature. It was found that as-deposited and annealed films at 500 were amorphous. The films annealed at temperature over 600 have XRD peaks of (400) and (311). The crystal structure is -Ga 2 O 3. It means that these films were varied from amorphous to crystalline structures. Figure 5 shows the variation of XRD intensities as increasing the annealing temperature. It was found that the XRD intensities were increased as increasing the annealing temperature. It means that the crystallinity is improved as increasing the annealing temperature. Annealing temperature was fixed at 1000 . Figure 6 shows the variation of XRD intensities as a function of annealing time. It was found that as-deposited film is amorphous. The films annealed longer than 0.5 hour have XRD peaks of (400) and (311). The crystal structure is a -Ga 2 O 3. It means that these films were varied from amorphous to crystalline structures. An optimum annealing condition is shown in Table 4 . Hereafter this condition was used through this study. Figure 7 shows the XRD data with varying RTA annealing time. It was found that 0.5h-annealing time was good enough to get good crystallinity films. show the oxygen sensing properties as a function of measuring temperature (temperature of atmosphere). The oxygen sensitivity was measured under the O 2 and N 2 gas flow rate of 0.2 and 0.8 l/min, respectively. Just after introducing oxygen gas, the sensor resistances suddenly rised for all measuring temperatures. The response times were scattered at around 30s. The surface effect was recognized.
Results and discussion
The fluctuation of resistance was observed at the annealing atmosphere of 900 as shown in Fig. 8(a) . In the case of 950 , the resistance was gradually decreased as increasing the measuring time as shown in Fig. 8(b) .
The measuring temperature of 1000 gave an stable oxygen sensing properties as shown in Fig. 8(c) .
In the case of 1050 , the resistance was gradually increased as increasing the measuring time as shown in Fig. 8(d) . It is seemed to be due to a bulk effect succeeding to a surface effect.
It takes a long recovery time to return to the initial resistance after stopping oxygen gas flow. For example, it takes 154s in the case of 900 .
Conclusion
The Ga 2 O 3 films for oxygen sensor were successfully prepared by a RF magnetron sputtering method. It was found that 0.5h-annealing time at 1000 was good enough to get good crystallinity films. The measuring temperature of 1000 gave an stable oxygen sensing properties. The response time was about 30s, but the recovery time was 154 s even in the fastest case.
